Because of the complex internal flow in the draft tube when the turbine runner is operated under a non-optimal condition, it is easy to contribute to the output swing and pressure fluctuation in draft tube, and thus cause the fatigue crack on the runner blade. The Computational Fluid Dynamics (CFD) simulation technology is used for the numerical simulation of the full port in a Francis turbine. According to the different structure of the turbine model, it is meshed by the structured and unstructured grids. Thereby the distribution of flow streamlines, the pressure distribution and the turbulent kinetic energy distribution are analyzed and compared with the standard draft tube when the guide vane opening is 22° and 28°. The simulation results show that, for the expansion section, the internal flow in the narrow high draft tube is better than that in the standard draft tube, and when the opening is 28°, the water flows into the draft tube in the axial direction, therefore the flow separation phenomenon is reduced, in addition, the coefficient of restitution of the draft tube can be improved.
INTRODUCTION
Narrow high draft tube is often used in the project to avoid the problem that the bedrock is too thin to be retained between the two adjacent units during the construction of the underground hydropower station. The narrow high draft tube is a specific tube that increases the height level of the taper pipe and reduces the horizontal distribution area, it consists of taper pipe, elbow and horizontal distribution area, which is similar to the standard draft tube used in the ground hydropower station (Yu, 1999; Anup, Lee and Thapa, 2016) . The 12A narrow high draft tube is designed by Wuhan University of Hydraulic and Electric Engineering, whose hydraulic performance is equivalent or slightly superior to that of the standard draft tube in the same conditions, and has been successfully used in Ertan Hydropower Station (Wei, Feng and Chen, 1993) .
When the water in turbine flows into the draft tube, it turns to the horizontal direction from the vertical direction, the secondary flow results from the centrifugal force when the water flows into the draft tube, moreover there are some diffusion, shrink and up diffusion in the flow, so the water flow becomes complex and may lead to partial flow separation, backflow and some other phenomena (Anup, Thapa and Lee, 2014; Mulu, Jonsson and Cervantes, 2012) . In the actual situation, the turbine is often operated departing the optimum condition, when the water flowing into the draft tube becomes more complex and the tailrace eddy is generated by the effect of cavitations bubbles and it will cause eccentric vortexes under the influence of the periodic nonequilibrium factor, and then the tailrace eddy swirls into the draft tube in a low frequency period which generates the reflected wave propagating upstream, thus it causes the swing of unit output and the pressure fluctuation in the draft tube, in addition, the fatigue crack of the runner blade can be induced. This is one of the main reasons leading to the dynamic problem of hydraulic turbine unit (Gohil and Saini, 2015) . Accordingly, the analysis of the flow characteristics of internal flow field especially in the non-optimal condition is very essential.
The applications of the CFD technology in the turbine design can exactly analysize and understand the internal flow in the turbine flow unit to achieve the purpose of optimizing the geometry size of the turbine flow components and improve the performance of hydraulic turbine comprehensively (Moradi, Yeganeh and Salimi, 2013; Lestinsky, Vecer, Vayrynen and Wichterle, 2015) . In this paper, the internal flow of narrow high draft tube is analyzed through CFD technology and the important conclusions are drawn.
ESTABLISHMENT OF GEOMETRY

Establish a Three-dimensional Model
Although the narrow high draft tube is taken as the analysis target in this analysis, the previous studies have shown that even though the draft tube is simulated and analyzed according to the inlet boundary condition given by the velocity component of runner outlet and the turbulence parameters, the calculation results still have an obvious error (Motycak, Skotak and Obrovsky, 2010) . Consequently, the Solidworks software is used to establish a three-dimensional full passage model, including volute, guide vane, runner and draft tube. Moreover, the 12A type narrow high draft tube and the standard draft tube are simulated to observe the difference between the internal flow field and the velocity of the two kinds of draft tube. Figure 1 and Figure 2 show the narrow high draft tube and the standard draft tube. 
Grid Partition
The turbine model which is built in Solidworks is used to make grid partition, and the hexahedral mesh grids for the volute and draft tube are completed in ICEM. The hexahedral mesh has some advantages as compared with the unstructured tetrahedral mesh, it has advantages of high mesh quality, small calculation, stable convergence and small discrete error. Considering that the complex structure of guide vane runner and the unstructured tetrahedral mesh has strong adaptability to boundary conditions. Therefore, the tetrahedral mesh grids for the guide vane and runner are completed in Turbogrid software (Yang et al., 2013; Li, et al., 2015) . After calculation, the mesh quality is above 0.3, the total of grids are 5.24×10 6 , and the total of notes are 5.68×10 6 .
SELECTION OF FLOW CONTROL EQUATIONS
Fluid Dynamics Control Equations
Mass conservation equation, momentum conservation equation and energy conservation equation are three basic equations in the analysis of the internal flow of turbine, and these conservation laws are transformed into the mathematical description called control equations. In this paper, the hydraulic turbine model is analyzed based on the following three control equations.
Mass conservation equation Continuous equation
Turbulence Model and Boundary Conditions
where B is the total volume force, eff  is the effective viscosity, p is the modified compression, and
The fluid flow at the wall consists of two types: the no-slip flow and the free flow. The no-slip flow is one of the types that discusses the fluid states and properties near the wall under the no-slip condition by using the wall function method to analyze the interaction between the fluid and the wall. The CFX provides two wall functions which are the scalable wall function and the automatic wall function separately According to the multiple characteristic curve of hydraulic turbine, the inlet boundary condition is determined as the velocity inlet and the outlet boundary condition is determined as the zero pressure outlet (free discharge) and the wall surface adopts no-slip wall. The data transfer between the stationary and rotating parts is the key factor to ensure the correctness of the calculation when the CFD technology is used to simulate model, so the static and dynamic interface must be coupled at the pre-processing stage (Min, Yue, Liang and Zhang, 2015) .
ANALYSIS OF INTERNAL FLOW
Internal Flow Field in Draft Tube
In order to analysis the internal flow of narrow high draft tube clearly, this paper simulates the two different guide openings including the opening 22° (operating condition 1) and the opening 28° (operating condition 2), and the results are compared with the standard draft tube. Figure 3 and Figure 4 illustrate the internal flow streamline of the standard draft tube and the narrow high draft tube under the two different operating conditions. As shown in Figure 4 , the internal flow streamline of the narrow high draft tube under the two different guide openings is plotted respectively, the operating condition 1 is the suboptimal operating condition of the turbine, it can be observed clearly that the water flow with large rotational speed spins downwards in the shape of curve when the water flows from the turbine runner into the draft tube, and the maximum velocity is reached at the outside of the pipe wall. That is because that the water in the inlet of the draft tube has higher circumferential component and velocity, when the water flows into the elbow part, the flow rate gradually decreases, nevertheless, when the water enters the pervasion section through the elbow part, the inside speed of the water sharply decreases and there is an obvious vortex in it. In contrast, the lateral speed of the water slowly changes which can lead to the stagnation and small recirculation phenomenon. The operating condition 2 is the optimal operating condition of the turbine, when the turbine operates in this operating condition, the water flows smoothly from runner into the draft tube, the flow speed changes from the inside out from large to small, moreover, there is not quite a large turbulence in the whole taper pipe and elbow section, only a relatively small amount of vortex band appears in the diffusion section. Comparing Figure 3 with Figure 4 , it can seen that there is an obvious improvement of the vortex band in the diffusion section after adopting narrow high draft tube. 
Pressure Change in Characteristic Surface
In the analyze of the inner pressure change of draft tube, two characteristic sections located under the turbine shaft are selected, one distance is 800mm (panel 1) and another distance is 2200mm (panel 2), Figure 5 shows the selection for two characteristic sections, so when the two operating conditions operate separately, the distribution of pressure and turbulence in the characteristic section can be analyzed. Figure 6 and Figure 7 show the pressure distribution of panel 1 and panel 2 under the two different operating conditions respectively, it can be found that, when the turbine operates under the two operating conditions, the low pressure fluid is concentrated in the center of the inlet of the cone, the pressure increases gradually from the inside to the outside, and reaches the maximum at the end of the pipe wall. Moreover there is a small eccentricity in the center of the negative pressure, which may cause the eccentric motion of the water flow, and also, this trend continues to the entrance of the elbow section and the negative pressure area will increased under a non-optimal condition. However when the guide opening increases to 28°, the negative pressure in the inlet center of the draft tube disappears with the increase of the depth, in the elbow section, because of the increasing flow, the main stream is forced to turn a corner due to the impact of the pipe wall, therefore, the decrease of the flow speed results in a low pressure and low speed zone. Figure 8 shows the condition of the velocity, static pressure, and total pressure distribution in the draft tube on the meridian plane under the operating condition 1. From Figure 8 , after the water flows in the draft tube through the runner, the energy of the water with high-speed rotation in the center of the inlet of the draft tube can reach the maximum. But the energy gradually reduces and the velocity distribution becomes more uniform with the deepening of the cone tube. In the cubital tunnel section, the water in the center of the draft tube results in the turbulent flow phenomenon, the velocity reaches the maximum in the wall, and then the velocity of the water flowing into the diffusion section gradually reduces. Figure 9 shows the condition of the velocity, static pressure, and total pressure distribution in the draft tube on the meridian plane under the operating condition 2. From Figure 9 , the turbine achieves the optimum under this operating condition, the energy of the water in the center of the inlet of the draft tube can still reach the maximum. In the straight cone section, the flow velocity in the center of the draft tube is lager than that of the pipe wall evidently, but in the cubital tunnel section, the water presents some backflow and turbulent flow phenomena. It can be considered that when the water flows into the bend elbow, the increase of the flow velocity, the decrease of the wetted area and the appearance of the turn make the water flow reach the maximum in the elbow, thus causing some hydraulic loss. Figure 10 shows the turbulence kinetic energy at cone inlet and outlet of the narrow high draft tube under the two different operating conditions respectively, through these comparisons from Figure 10 , the turbulent kinetic energy has little change at cone inlet under the two different operating conditions, but due to the increase of flow velocity, the turbulence kinetic energy under the operating condition 2 is higher than that under the operating condition 2 at cone outlet. It shows that the turbulent flow in a larger flow velocity is not significantly reduced, the reason is that, as the depth increases, the wetted area of pipeline also increases, the water flow velocity decreases and the pressure increases so as to block the flow of water, therefore there is the water flow which will generate a large disturbance there (Shi, Shang, Xiao and Wang 2004) . At the inlet of the water flow, the turbulent kinetic energy reaches the maximum at the pipe wall, and the water flows into the draft tube in a small circulation, the generated centrifugal force can prevent and reduce flow separation phenomenon in the pipe wall, so as to improve the restitution coefficient of the whole draft tube.
CONCLUSIONS
In this paper, based on the CFD technology, the simulation of the whole flow channel of Francis turbine is made, which is compared with the internal flow line of the standard draft tube. The characteristics including internal streamline, pressure, turbulent kinetic energy of the high narrow draft tube under different openings are analyzed. The simulation results show that, compared with the standard draft tube, the internal flow streamline of narrow high draft tube has more regularly, and the vortex phenomenon in the expansion section has been greatly improved. Under the suboptimal operating condition, the rotational angular velocity of water flow in inlet is larger, which generates the rotational flow in the straight cone section and increases the pressure on the tube wall, moreover, the flow field in the stern tube and the runner has obvious interaction. Therefore, the improvement of the internal flow field of the narrow high draft tube will also affect the internal flow of the turbine runner, and the reduction of the turbulent kinetic energy at the outlet of the straight cone section of the draft tube can reduce the disturbance to the water flow at the runner outlet, thus improving the efficiency of the turbine.
